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Diversity of Cacao Pathogens 
and Impact on Yield and Global 
Production
Dele Adeniyi
Abstract
Cacao, Theobroma cacao L., an important cash crop in foreign exchange earn-
ings and also a major income source for many smallholder farmers in growing 
ecologies of West Africa. Global cocoa production has been rising fairly steadily 
over the years by increasing production in growing countries with most of the pro-
duction taking place in areas of high pathogen biodiversity. Thus, the sustainability 
of the cocoa economy is under threat as diseases of various statuses now constitute 
the most serious constraint to production. Most important among these is the 
black pod disease caused by Phytophthora genus with annual losses of 30–90% 
of the crop. This economically important pathogen is very diverse in nature and 
varied across growing countries including species such as palmivora, megakarya, 
capsici and citrophthora distinguished based on chromosome number, sporangial 
characteristics and pedicel length. World losses of 20–25% in cacao production are 
due to black pod disease, an estimate of 700,000 metric tons on global scale reduc-
ing global cocoa production. High cacao loss to diseases is a prime factor limiting 
production; consequently, significant effort is required to deal with problems 
associated with disease control to ensure a sustainable cacao. The effective and 
sustainable management of black pod disease requires integrated approach encom-
passing different control measures.
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1. Introduction
Cacao, Theobroma cacao, is a major cash crop in the tropics and the source of 
chocolate, one of the world’s most popular foods. In addition, cacao-based agrofor-
estry systems provide a promising means to address the challenges of deforestation 
and create a habitat for biodiversity while simultaneously providing a profitable 
crop for agricultural communities [1]. Cocoa is mainly grown by smallholder farm-
ers in West Africa and around the world where favourable tropical environments 
occur. The farmers plant their cocoa traditionally at random under thinned forest 
and/or plantain as shade crop. Moreover, when grown in traditional form under 
thinned, forest shade, cacao affords sustainable benefits not only to the farmer but 
also to the environment [2]. This low-input cultivation system uses the forest soil 
fertility and the existing shade.
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2. Cocoa production status
The West Africa region has some 6 million hectares of cocoa and provides 
around 70% of the total world production. In recent time, Côte d’Ivoire, Ghana, 
Nigeria and Cameroon have been rated as top cocoa-producing countries and the 
production from around 2,000,000 metric tons to around 3,000,000 metric tons in 
10 years plus [3]. The world cocoa production is around 4.3 million tons, and almost 
71% of it produced in a relatively small region of West Africa which comprised of 
Cote d’Ivoire, Ghana, Nigeria and Cameroon with 56, 29, 8 and 7% productions, 
respectively [3].
However, the average yields remain low, and this could be attributed to many 
factors ranging from pests and diseases to old and moribund farms and extensive 
cultivation methods, among others. Steady growths in cocoa production have been 
reported in Nigeria; production increase from 165,000 metric tons in 1999–2000 to 
250,000 metric tons in 2013–2014 has been linked to high grower prices and gov-
ernment support to a limited extent through the 2011 Cocoa Transformation Action 
Plan [4]. The total harvested area in Nigeria was reported as 640,000 hectares with 
the average yield of about 400 kg per hectare.
The Cocoa Transformation Action Plan of the Federal Government of Nigeria 
envisaged improving cocoa situation and rising production to 500,000 metric tons 
by 2015; however, the yield improvement constrains were required to be better 
managed. The crop is seriously affected by the impact of diseases and the low-
yielding potential of most plantations due to genetic and management reasons [5]. 
The sustainability in cocoa is currently under an increasing threat as both coevolved 
and new-encounter diseases of various statuses now constitute the most serious 
constraint to cacao production [6, 7] (Figure 1).
3. Pathogen and disease distribution
The cacao trees in the absence of disease infestation and good farm management 
provide improved productivity to the maximum of the potential of the crop, under 
ideal field condition (Figure 2).
Figure 1. 
Shows the status of cocoa production in growing countries of West Africa. (Sources: [8–10]).
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However, many factors including poor farm management can introduce diseases 
or reawaken the inoculum from their resting stage for infection. Phytophthora pod 
rot, commonly called “black pod”, is the most economically important disease of 
cocoa. Four species of Phytophthora are mainly responsible for this disease,  
P. palmivora, P. megakarya, P. capsici and P. citrophthora, while four additional 
species of Phytophthora have also been isolated from cacao, P. katsurae, P. arecae, 
P. nicotianae and P. megasperma [11], but no economic impact of these has been 
reported. Phytophthora palmivora is the most common, being present in most of the 
cacao-growing countries around the world, causing yield losses of 20–30% and tree 
deaths of 10% annually. Phytophthora megakarya occurs only in West and Central 
Africa countries but considered to be the most virulent among other species on 
cacao. Phytophthora capsici is widespread in Central and South America and prevalent  
in Brazil.
The estimate of genetic diversity and structure of Phytophthora isolates from 
Ghana, Togo, Nigeria, Cameroon, Gabon and Sao Tome using the isozyme and 
RAPD markers [12] separated the isolates into two different genetic groups, with 
one located in Central Africa and the other in West Africa. The two centres of major 
diversity are located in Cameroon and on the Cameroon/Nigeria border region. This 
distribution however coincides with two major biogeographical domains reflecting 
an ancient evolution of P. megakarya. A lower genotypic diversity was also found in 
isolates from Ghana, Togo and Nigeria when compared with isolates form Gabon 
and Sao Tome. Again, four intermediate marker patterns were observed which 
correspond to isolates near the border between Nigeria and Cameroon and assumed 
it is a genetic exchange between the Central and West African groups. Black pod 
disease incidence in the field is influenced by environmental conditions. Numerous 
studies have established the role of climatic factors on incidence of black pod 
disease, caused by Phytophthora spp. [13, 14]. Rainfall, high relative humidity and 
low temperature are known to create favourable humid conditions for the develop-
ment of the disease. [13] showed that in Ghana, black pod disease developed when 
the relative humidity, particularly within the day, remained above 80% under 
the cocoa canopy and that the rate of disease development was influenced by the 
frequency and amount of rainfall. [14] also reported a significant positive correla-
tion between rainfall when assessed after 1-week lag, and P. megakarya pod rot 
incidence in Cameroon, and emphasised the role of rainfall in the disease epidemics 
[14]. Further, the time and/or period for black pod peak infection in Ghana varied 
annually and also with location depending on the rainfall [15].
Figure 2. 
Healthy cocoa trees at varied stages (A, B and C) of maturity.
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In Ghana, it is known that primary infections usually occur around June, but 
the peak of P. megakarya black pod disease generally occurs between August and 
October [16, 17]. Such information on periods for attaining disease infection peaks 
is useful in forecasting the pattern of disease development, and it is an important 
tool for disease management since conditions immediately preceding the infection 
peaks must be favourable for disease development. The black pod disease situation 
in Nigeria is similar to that of Ghana and depends on growing ecologies, pattern of 
rainfall, high humidity and farmers’ management practices. The disease inoculum 
can remain in the soil for a long time, the spores are brought back to viability at 
onset of rain and other conditions are suitable. Thus, rain splashes, infected tools 
and equipment and poor farm management, among others, contribute to the spread 
of the pathogen in the field.
3.1 Expression of black pod and Phytophthora on cacao
Phytophthora pathogens are ubiquitous and so cause economic loss to a greater 
or lesser extent in all cocoa-producing countries but most especially in those with 
prolonged periods of high relative humidity at, or near to, saturation levels. It 
infects every part of cacao plants at different developmental stages [18] and under 
wet and humid atmospheric conditions. Phytophthora palmivora is present in most 
of the cacao-growing countries around the globe and has a broad host range [19]. 
Phytophthora megakarya occurs only in the countries of West and Central Africa and 
is considered a significant pathogen only on cacao. Black pod was originally thought 
to be caused by a single species, P. palmivora, but increased knowledge have shown 
otherwise over the past few decades and that each continent has a complex of spe-
cies of Phytophthora which can induce black pod symptoms in cacao. Thus, the main 
pathogen especially in Nigeria is P. megakarya, which was thought to be a variant 
form of P. palmivora but was first identified taxonomically as a species [20].
Under nursery operation, seedling infection leads to blight and root rot, while 
infections of stem, chupons and branches cause cankers [21, 22]. Infection of the 
pod leads to black pod which can occur at any stages of pod development, and all 
parts of the pod are also susceptible to infection [22]. However, immature pods of 
10 and 20 weeks have the highest disease incidence when the dynamics of pod pro-
duction and black pod disease were evaluated in relation to environmental factor 
impact, chemical fungicide and biological control [14]. Infected immature pods are 
rendered useless, while infection of ripe pods reduces the bean quality [4].
The black pod caused by all Phytophthora species is developed by an initial 
symptom showing appearance of a small translucent spot on cocoa pods [22], 
appearing around 2–3 days after infection, then turns brown, eventually darkens 
and the spot covers the entire pod between 7 and 14 days under humid conditions. 
Whitish spores are produced 3–5 days after the appearance of the first symptom. 
These species attack pods of all sizes and are harboured in the roots of cocoa during 
the dry season making it very hard to control [23].
Black pod symptoms due to P. megakarya are, however, characterised by multiple 
lesions which spread fast and coalesce (Figure 3) showing abundant bloom of white 
zoosporangia on the lesion except for about a centimetre from the advancing mar-
gin of the lesions (arrowed). Pods at every stage of development may be infected, 
and infection may start from the proximal, distal or lateral (Figure 4A–C) portion 
of the pod, and extreme cases of black pod could also affect pods at different stages 
of development.
Cacao fruits can become infected at all stages from setting to maturity. 
Observations in Nigeria suggest that the relative frequencies of different infection 
sites may be affected by fruit length. It was found that the mean length of distally 
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infected fruits tended to be less than the mean length of either laterally or proxi-
mally infected fruits. These observations can be interpreted as indicating that distal 
infections tend to occur on relatively shorter and younger fruits, as compared with 
laterally and proximally infected fruits [24]. It was suggested that proximal infec-
tion might be favoured through moisture being retained in the annular depression 
where the stalk is inserted and at the distal ends of young fruits [25]. However, in 
Nigeria, the annular depression at the base may not necessarily be favourable for 
infection as compared with the distal end of the pod.
Figure 3. 
Coalescing lesions.
Figure 4. 
Sites of pod infection in black pod disease. A, proximal; B, distal; and C, lateral.
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The predominance of P. megakarya on cacao in Nigeria started in the 1980s, 
alongside Cameroon, Equatorial Guinea, Gabon and Togo [22]. Recent studies 
showed that P. palmivora is no longer routinely isolated from cacao in Nigeria and 
Cameroon [12, 26, 27]; however, the displacement of P. palmivora by P. megakarya 
from cacao in these countries remains unclear [28]. However P. megakarya con-
tinues to be the major actual and potential threat to cacao in West Africa [16]. The 
much denser sporulation exhibited by P. megakarya on the surface of cacao pod 
(Figure 5A–C) indicates greater virulence of this species than P. palmivora and 
such significantly increases inoculum loads of P. megakarya [7, 29].
4. Characteristic and genomic diversity of Phytophthora species
Five major diseases of cacao (Theobroma cacao L.), Phytophthora pod rot (black 
pod), witches broom, swollen shoot virus, vascular streak dieback and monilia 
pod rot, account for over 40% annual loss of cocoa [30]. Correct identification of 
plant pathogens is critical and fundamental to population genetics, epidemiological 
studies and the development of disease control strategies. Due to the similarity in 
growth patterns of Oomycetes including Phytophthora species and fungi, Oomycetes 
were previously considered as a class within the fungi. Fundamental differences 
between Oomycetes and fungi have been established [31–33], and the two are now 
known to be taxonomically distinct in spite of their common infection strategy 
[34]. As a result of the initial consideration of Oomycetes as a class within the fungi, 
[35] reported that researchers have for several decades pursued a wrong track 
in addressing the menace caused by Phytophthora infestans. For example, chitin 
was earlier reported as a minor component of oomycete cell walls and, therefore, 
insensitive to chitin synthase inhibitors, but it is now known to be an important 
component of hyphal tips in Oomycetes [36]. Isolations of P. palmivora from diseased 
cacao pods in Nigeria have been found to be “typical” in culture [37] with respect to 
Figure 5. 
Densely sporulating cacao pods indicating the presence of Phytophthora megakarya.
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general characters including early production of sporangia. Phytophthora palmivora 
tends to have a more rapid growth rate than P. megakarya in culture, possibly con-
tributing to its ability to cause accelerated necrosis in mechanically wounded cacao 
tissues compared to P. megakarya [38]. There have been no indications of important 
local variations with respect to the characters of this pathogen nor as regards the 
nature of the black pod rot infection. Variations in dimensions of sporangia were in 
respect to age and nature of substratum.
Phytophthora palmivora was first considered the only causal agent of black pod 
disease. However, a reclassification of some of the isolates previously described 
as P. palmivora into distinct species was suggested [39, 40]. Classification of 
species within the genus Phytophthora has progressed through the use of several 
criteria, including morphological dataset of colony, sporangium and oogonium 
characteristics; the presence or absence of chlamydospores and hyphal swell-
ings, physiology [20, 41], isozyme patterns [42]; and lately the combined use 
of molecular markers and morphological characteristics [43]. Consequently, 
based on the size and number of chromosomes, they introduced the S- and 
L-type designations, which represented isolates having comparatively smaller 
chromosomes with n = 9–12 and isolates having large chromosomes with n = 5, 
respectively. However, the earlier work of [20] and recently [28] has established 
the variation in genetic characteristics of Phytophthora species commonly associ-
ated with cacao in Nigeria, and P. megakarya was found as the most virulent of 
the species.
Consequently, the species were reclassified into three types: chromosome num-
ber, sporangial characteristics and pedicel length [20]. The S-type was regarded as 
P. palmivora sensu Butler (MF1) with 9–12 small chromosomes, papillate sporangia 
varying from near spherical to ovate-elongate shape and a short pedicel (2–5 μm) 
and being worldwide in distribution. The L-type was reclassified as P. megakarya 
(MF3), with five to six large chromosomes, papillate near spherical sporangia shape 
and pedicel of medium length (10–30 μm) and found only in West and Central 
Africa. Thus, the name “megakarya” is derived from the relatively large (mega) 
chromosomes. The third group was classified as P. capsici (MF4), with charac-
teristics similar to P. capsici from black pepper [44, 45], and had longer pedicel 
(20–150 μm). The MF2, however, remains a variant of P. palmivora. The occurrence 
of hybridization is an important phenomenon in Phytophthora, given that hybridiza-
tion may result in genetic variation that will adapt to new hosts or environments. 
Further confusion in the P. palmivora complex can occur due to heterothallic mating 
behaviour of the species. Sexual reproduction in P. megakarya and P. palmivora 
results in the production of oospores, and this requires the two opposite mating 
types, A1 and A2. Mating types in P. megakarya and P. palmivora show a curious 
imbalance, with A1 predominating in P. megakarya and A2 in P. palmivora [20]. 
This imbalance in mating types might favour hybridization between species, but 
not sexual reproduction within species. In spite of the two species coexisting 
on cocoa fields, no hybrids have been observed. The differences in chromosome 
numbers between P. megakarya and P. palmivora may also hinder hybridization 
and, hence, the rare occurrence of oospores in nature. Phytophthora megakarya 
was first described as a new Phytophthora species on cacao in West Africa based on 
chromosome number, sporangial characteristics and pedicel length. Phytophthora 
megakarya is indigenous to West and Central Africa, and it has become the main 
yield-limiting factor for cocoa production in affected areas [17] and rapidly sur-
passing P. palmivora.
In a susceptible cacao genotype, mechanical wounding may not be required 
for infection establishment in P. megakarya [38]. The genome size of Phytophthora 
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megakarya and P. palmivora was estimated at 126.88 and 151.23 Mb, respectively 
and number of genes 42,036 and 44,327, respectively [46]. Phytophthora palmi-
vora appeared to have gone through whole genome duplication and subsequent 
gene diversification which expanded its genetic capacity for nutrient acquisition 
and breakdown of complex structures like the cell walls. This capacity may have 
influenced P. palmivora vigorous growth and broad host range, even without 
extended co-evolution with cacao. Phytophthora megakarya on the other hand 
has undergone amplification of specific gene families, some of which are clearly 
virulence-related like RxLRs, CRNs, elicitins and NPPs [46]. During Phytophthora 
infection, appressoria release effectors even before penetrations that enter host 
cells in an attempt to suppress pathogen-associated molecular pattern (PAMP)-
triggered immunity [47]. Under the conditions of high and frequent rainfall in 
Cameroon, P. megakarya can cause yield losses of up to 100% when no control 
measures are taken [48]. In Ghana, losses ranging between 60 and 100% have 
been reported [15].
Some other species of Phytophthora have been reported on cacao and such 
include P. botryosa, causing cacao pod rot in Malaysia, and P. citrophthora in Bahia, 
Brazil [49, 50]. P. capsici, P. citrophthora and P. heveae were reported in Mexico [51], 
P. katsurae in Côte d’Ivoire [52] and P. megasperma in Venezuela [45]. Apart from 
the cosmopolitan P. palmivora, the other species have only been recorded in certain 
countries or geographical location/regions. However, factors responsible for the 
geographical separation of the Phytophthora species are yet to be elucidated, but 
it is possible that lack of intensive surveys, coupled with isolation of isolates from 
the same location, from a few plant species and on a narrow range of media could 
be responsible for this observation. Another possibility is that these species occur 
rarely on cacao; nonetheless, more investigations are required to ascertain these 
claims.
5. Impact of Phytophthora on cacao yield and bean quality
Major economic losses in cocoa production are caused by pests and diseases, 
particularly in the many small and isolated farms that lack adequate control 
measure across West Africa region. These species cause mean annual pod losses of 
about 40% and even higher in parts of Ghana and Côte d‘Ivoire [17, 53]. The highest 
incidence of black pod disease is found in the shaded cocoa in Cameroon. World 
losses in cacao production due to black pod disease caused by various species of 
Phytophthora have been estimated to cause about 450,000 metric tons [7]. This dis-
ease probably accounts for 20–25% of the expected crop and making it the biggest 
constraint to production. Figure 6 shows the usual harvesting exercise/activities 
in cocoa farms where both mature healthy cocoa pods and the disease black pods 
(arrowed) are usually lumped together on farmer’s field and processed.
Losses due to black pod can be especially severe in West and Central Africa, an 
area that contributes 60–70% to the worldwide cacao production [7]. In Africa, it 
can cause 30–90% annual crop loss for farmers, and, thus, it poses a severe threat 
to the cacao industry and to producers. Part of the contributory factors which is 
major in limiting productivity in cacao is related to the practices of farmers. Apart 
from the practice indicated in Figure 6, the observation of piles of cocoa pod husks 
on different locations on farmers’ fields serves as the sources of inoculum of the 
pathogen of black pod disease. The spores of Phytophthora species on infected cocoa 
pods are usually left on the field after extraction of the beans (Figure 7) and are 
reactivated under suitable conditions to infect fresh cocoa pods.
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In the year 2012, Ghana lost more than 200,000 tonnes of cacao beans (25% of the 
annual output) due to black pod, costing the nation $230 million (Ghana Cocoa Board 
report). Until the mid-1980s, only P. palmivora was present in all the cacao-growing 
regions of Ghana, causing limited crop losses of 4.9–19% [54]. After 1985, black pod 
became a major disease in Ghana and was attributed to the emergence of P. megakarya 
as a pathogen of cacao [55]; various reports from Ghana indicated a rapid spread of  
P. megakarya to various cacao districts by the late 1990s causing 60–100% crop losses [17].
5.1 Impact of Phytophthora on cocoa beans
The Phytophthora species affects different parts of the cacao, but infection of the 
pod is the major economic loss as pods or cherelles may be infected at any parts on 
the surface. Observation of the disease indicates a firm, spreading, chocolate-brown 
lesion which eventually covers the whole pod. The beans inside the pod may remain 
undamaged for several days after initial infection of the husk, but in advanced 
infections, Phytophthora invades the internal pod tissues and causes discoloration 
and shrivelling of the cocoa beans (Figure 8A–C), thus tampering with the muci-
lage colouration (Figure 9) and affecting quality of the cocoa bean.
Figure 6. 
Harvested cocoa pods on farmer’s field with black pod (arrowed).
Figure 7. 
Cocoa pod husk pile on farmer’s field.
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6. Management strategies for Phytophthora species
Phytophthora can persist in soil and debris for several years making the control 
of black pod difficult [56]. Also, since susceptible pods may be present on the trees 
most of the year, the pathogen may always be present in the canopy, ready to cause 
major epidemics when environmental conditions become favourable for sporulation 
and dispersal [29]. Although much research has been published over the past few 
decades on black pod disease, sustainable management strategies that are applicable 
to smallholder farms are still lacking in most producing countries. Crop losses 
and cost of controlling Phytophthora (black pod) diseases constitute a significant 
financial burden on agricultural enterprises and have serious socioeconomic and 
environmental consequences wherever these pathogens are found. Neglect of cocoa 
Figure 8. 
Status of black pod disease on cocoa bean. A: Ripe and healthy cocoa pod with quality mucilage and beans.  
B: Ripe but diseased cocoa pod with infected beans. C: Unripe but diseased cocoa pod with infected beans.
Figure 9. 
Effect of black pod disease on cocoa mucilage and beans in ripe cocoa pod.
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farms infected with P. megakarya, cultivation of crops other than T. cacao in infected 
areas [16] and establishment of T. cacao in P. megakarya-free forest areas have sig-
nificant impacts on the economies of the cocoa-producing countries in West Africa. 
It also has effects on biodiversity and functioning of the natural ecosystems.
Phytophthora megakarya has spread within the West and Central African subre-
gions, and it is still in its invasive phase. The spread of this pathogen from one loca-
tion to another in Ghana has been linked with the movement of planting materials 
[16, 57, 58]. The faster communication, travel and trade links and the relatively 
free movement of people and commodities all over the world pose a serious risk of 
introducing P. megakarya to other cacao-growing regions. On the other hand, there 
is a risk of introduction of other major cocoa diseases from other cocoa-producing 
areas into West and Central Africa [59]. This will have negative impact on world 
cocoa production. A devastating impact on the world’s cocoa supply is eminent and 
extremely serious in social, economic and environmental problems. Such pathogen 
introduction can also be experienced within a growing country from the region of 
high incidence to low one. To minimise such risks, preventive measures and effec-
tive testing procedures and exchange of materials through intermediate quarantine 
facilities must be enforced. Consequently, there is an urgent need for effective and 
sustainable control of P. megakarya/black pod disease. The effective and sustain-
able management of this disease requires integrated approach of several methods, 
including quarantine, cultural, chemical and biological control and use of resistant 
cocoa varieties.
6.1 Cultural practices to combat black pod disease
Activities to combat the menace of yield losses and decline in cocoa production 
resulting from black pod disease incidence in cocoa-growing communities are enor-
mous. Cultural control practices that promote crop growth, inhibit and obstruct 
pathogen establishment, growth and development is one of the first approaches in 
plant disease control. Cultural practices are not only essential for increasing yield 
but also for providing the right environment for efficient performance of fungi-
cides [60]. For the small holdings, low-input and low-income cocoa farmer use of 
cultural practices remains the least expensive disease control option for managing 
black pod disease. However, frequent harvesting saves partly infected mature pods, 
removal of infected pods, and reduces sources of sporangial inoculum. The regular 
and timely removal of infected pods and reduction in the shade to increase the 
humidity which in turn reduce pod losses however, additional chemical control by 
regular spraying of fungicides is required.
In Nigeria, frequent removal of diseased pods complemented sprayed pro-
grammes in controlling P. megakarya, but, often, excessive tree heights hampered 
the effectiveness of the technique [61]. Similarly, in Togo, P. megakarya diseased 
pod removal was recommended as part of a package to reduce disease incidence 
[62]. In Cameroon, inoculum levels were successfully reduced by the pruning and 
weekly removal of pods but only in concert with spraying [63]. Another cultural 
method occasionally recommended is the removal or spraying of pod husk piles 
where they occur on farms (Figure 7). It is known that these pod husk piles serve as 
disease foci on P. megakarya farms. In Nigeria and Sao Tome, burying of husks was 
recommended, but its limited effectiveness and expense caused this option to be 
dropped [64]. However, in Ghana the husks are burnt into potash and used in the 
production of soap. Cultural practices on cacao farms are labour intensive and inad-
equate when applied alone for P. megakarya control. They need to be supplemented 
with other control methods, such as spraying of fungicides to reduce losses on farms 
[58, 65–67]. Most farmers, however, are unable to adopt this technology because of 
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the high costs of the fungicides and application problems. In practice little fungicide 
is used [17, 68]. However, removal of black pods from the soil surface would be 
a simple strategy to reduce inoculum spread by ants, as well as by flying vectors 
[69]. Reduction in canopy humidity and consequent sporulation can be achieved 
by pruning and appropriate tree spacing to increase aeration. Maintenance of leaf 
litter or mulches to prevent soil inoculum of P. megakarya reaching pods has been 
suggested [70], while leaf litter was found to reduce pod infection from soil inocu-
lum [71]. The spread of the disease from infected pods can be reduced by frequent 
harvesting to lessen the danger of spread of disease from infected pods. Black pod 
disease is also managed by regular pruning to remove infected chupons and increase 
air circulation. Other measures, such as the removal of infected pods and husk 
piles, may have some effect on inoculum levels.
6.2 Chemical strategies to combat black pod disease
Fungicides have been used to control Phytophthora pod rot of cocoa for over 
a century, and several experiments on different chemical control measures have 
been conducted in all cocoa-growing countries. The history of the development 
of fungicides on cocoa has been extensively reviewed [72–74]. Recommendations 
adopted in the different countries are based on local factors, such as species of 
pathogen, climatic conditions, cocoa variety, planting density and social and 
economic considerations [64]. Traditionally, expensive copper-based fungicides 
(or systemic) have been applied frequently (sometimes every 10 days) in areas 
of high infection. Without prophylaxis, the losses could reach 100% in areas of 
continuous high humidity and high disease incidence, although the disease has a 
normal range of 5–90%. In order to limit yield loss to black pod disease in Ghana, 
three preventive rounds of copper fungicide were applied during the rainy season 
under a national spray programme in P. megakarya prevalent areas. This however 
puts immense pressure on resource-poor farmers in the form of reduced farm-
gate prices, leading to ecological, socioeconomic and possibly political instability. 
In Nigeria, many fungicides of varied active ingredients are used by farmers 
across growing ecologies. The Cocoa Research Institute of Nigeria has the national 
mandate to screen in vitro and in vivo such fungicides among other pesticides 
prior to being used on cacao in Nigeria. Many of the active ingredients (product 
of different agrochemical companies) that have undergone a 3-consecutive-year 
field trials include but not limited to copper hydroxide, cuprous oxide + metalaxyl-M,  
cuprous oxide and metalaxyl-M + copper-1-oxide and recently are copper-1-oxide +  
metalaxyl, mandipropamid + mefenoxam, initium + dimethomorph and pyra-
clostrobin + dimethomorph + ametoctradin. The relative effectiveness of certain 
treatments and inconsistencies in results between countries and locations depends 
on the different combinations of these factors. For example, while fungicides are 
applied at two weekly intervals in Cameroon to control black pod disease, due to 
the relatively high and frequent rainfall, fungicides are applied at three to four 
weekly intervals in Ghana [16], and spray interval of 3 weeks is also advised in 
Nigeria. The reason for the difference among countries has to do with the amount 
and frequency of rainfall.
In West Africa, protectant fungicides that are mainly “fixed” copper compounds, 
e.g., copper hydroxides and copper oxides, or systemic fungicides containing 
copper and metalaxyl as mixtures are routinely sprayed onto pods with lever-
operated knapsack sprayers for Phytophthora pod rot control. These fixed copper 
compounds are finely divided molecules that are readily mixed and easy to apply at 
low volumes. This is in contrast to earlier products such as the Bordeaux mixture, 
which had to be applied in relatively large volumes. These copper fungicides form a 
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chemical barrier on the surface of the pod and guard against infection [58, 75]. The 
spraying of copper and metalaxyl mixtures is to take advantage of multisite action 
of the different active ingredients and to reduce the possible build-up of metalaxyl 
resistance in Phytophthora species on cocoa. Furthermore, it must be emphasised 
that correct dosage of fungicides, timing of initial application in relation to the 
epidemic, frequency and target of application are all critical factors to ensure suc-
cessful and economic chemical control.
6.3 Alternative practices to combat black pod disease
Many natural substances, including plant extracts and bioactive compounds 
produced by microorganisms, have been tried to control Phytophthora on cacao 
[76, 77]. Rosemary (Rosmarinus officinalis) and lavender (Lavandula officinalis) 
leaf extracts when supplemented to agar plates at different dilutions were found 
to inhibit germination of P. capsici, P. megakarya and P. palmivora zoospores. 
Rosemary extracts, containing caffeic acid, rosmarinic acid or derivatives, thereof, 
reduced necrosis of cacao leaf discs caused by P. megakarya zoospores [77]. 
Another promising class of natural microbial compounds with activity against 
Phytophthora species is the cyclic lipopeptides (CLPs) [78–81]. Studies showed that 
massetolide A (massA) produced by P. fluorescens strain SS101 caused zoospore 
lysis through induction of pores, reduced sporangium formation and increased 
branching and swelling of hyphae of P. infestans [78, 82]. MassA also induced 
systemic resistance in tomato plants and reduced the number and expansion of late 
blight lesions on tomato caused by P. infestans [83, 84]. Given that hyphae, sporan-
gia and zoospores are important sources of inoculum and play major role in cacao 
black pod epidemic, there is the need to investigate if CLPs or CLP-producing 
microorganisms can be exploited for the management of black pod disease caused 
by P. megakarya.
7. Conclusion
Phytophthora megakarya infestation of cacao is a threat to the economies of 
growing countries in West Africa. This diverse pathogen is spreading fast in the 
subregion, displacing the original populations of the less severe P. palmivora. The 
mechanisms for this shift in population composition of the black pod disease 
complex remain unknown, although the possibility of further spread to other 
cacao-producing regions is a great concern. The available and fast-emerging 
genomic and genetic information on oomycete pathogens and their hosts, includ-
ing Theobroma cacao, should be utilised and explored for the development of new 
sustainable management practices for Phytophthora species. Current methods of 
control through routine spraying of inorganic fungicides are expensive, hazardous 
and environmentally unfriendly. Programmes of integrated pest management with 
precise fungicide application which give less residue in the cocoa beans, combined 
with field sanitation and proper farm management, should be encouraged in all 
areas where Phytophthora species cause significant losses on cocoa.
Theobroma cacao - Deploying Science for Sustainability of Global Cocoa Economy
14
© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
Author details
Dele Adeniyi
Cocoa Research Institute of Nigeria (CRIN), Ibadan, Nigeria
*Address all correspondence to: modeleadeniyi@gmail.com
15
Diversity of Cacao Pathogens and Impact on Yield and Global Production
DOI: http://dx.doi.org/10.5772/intechopen.81993
References
[1] Perfecto I, Rice RA, Greenberg R, 
Van der Voort ME. Shade coffee: A 
disappearing refuge for biodiversity. 
Bioscience. 1996;46:598-608
[2] Evans HC. Invasive neotropical 
pathogens of tree crops. In: Watling R,  
Frankland J, Ainsworth M, Isaac S, 
Robinson C, editors. Tropical Mycology. 
Vol. 2 Micromycetes. Wallingford, UK: 
CABI Publishing; 2002. pp. 83-112
[3] Marius W, Quist-Wessel Foluke PM.  
Cocoa production in West Africa, 
a review and analysis of recent 
developments. NJAS–Wageningen 
Journal of Life Sciences. 
2015;74-75(2015):1-7
[4] Nzeka UM. Nigeria hikes target 
on cocoa production. USDA Foreign 
ServiceGain Report, Lagos. 2014:8
[5] Phillips-Mora W, Castillo J, 
Arciniegas A, Mata A, Sánchez A, 
Leandro M, et al. Overcoming the main 
limiting factors of cacao production 
in Central America through the use of 
improved clones developed at Catie. In: 
Conference: 16th International Cocoa 
Research Conference; Bali, Indonesia; 
September 2009
[6] Gotsch N. Cocoa crop protection: 
An expert forecast on future progress, 
research priorities and policy with 
the help of the Delphi survey. Crop 
Protection. 1997;16:227-233
[7] Bowers JH, Bailey BA, Hebbar PK, 
Sanogo S, Lumsden RD. The impact 
of plant diseases on world chocolate 
production. Plant Health Progress. 
2001. DOI: 10.1094/PHP-2001-0709-
01-RV. Published online
[8] Lass RA, editor. Review of 
Production and Consumption, Cocoa 
Growers’Bulletin, 40. Birmingham: 
Cadbury Ltd; 2000. 1988, 45 (1992), 49 
(1995), 52 (2000)
[9] ICCO. Production of Cocoa Beans, 
Quarterly Bulletin of Cocoa Statistics, 
London. 2006, XXXI, XXXIX (2013), XL 
(2014). 2015. Available at: http://www.
icco.org/ [Accessed: March 18, 2015]
[10] ICCO. Production of cocoa beans, 
Quarterly Bulletin of Cocoa Statistics, 
London, 2017, XLIII (2017). 2017. 
Available from: http://www.icco.org
[11] McMahon P, Purwantara A, 
Drenth A, Guest D. Phytophthora on 
cocoa. In: Drenth A, editor. Diversity 
and Management of Phytophthora in 
Southeast Asia. Australia: Australian 
Centre for International Agricultural 
Research; 2004. pp. 104-115
[12] Nyasse S, Grivet L, Risterucci AM, 
Blaha G, Berry D, Lanaud C. Diversity 
of Phytophthora megakarya in Central 
and West Africa revealed by isozyme 
and RAPD markers. Mycological 
Research. 1999a;103:1225-1234
[13] Dakwa JT. The relationship between 
Black Pod Incidence and the Weather in 
Ghana. Ghana Journal of Agricultural 
Science. 1973;6:93-102
[14] Deberdt P, Mfegue CV, Tondje PR, 
Bon MC, Ducamp M, Hurard C. Impact 
of environmental factors, chemical 
fungicide and biological control 
on cacao pod production dynamics 
and black pod disease (Phytophthora 
megakarya) in Cameroon. Biological 
Control. 2008;44:149-159
[15] Dakwa J. A serious outbreak of black 
pod disease in a marginal area of Ghana. 
In: Proceedings of the 10th International 
Cocoa Research Conference (Santo 
Domingo); 1987. pp. 447-451
[16] Opoku IY, Appiah AA, Akrofi AY. 
Phytophthora megakarya: A potential 
threat to the cocoa industry in Ghana. 
Ghana Journal of Agricultural Science. 
2000a;33:135-142
Theobroma cacao - Deploying Science for Sustainability of Global Cocoa Economy
16
[17] Opoku IY, Appiah AA, Akrofi AY, 
Owusu GK. Phytophthora megakarya: A 
potential threat to the cocoa industry in 
Ghana? Ghana Journal of Agricultural 
Science. 2000b;33(2000):237-248
[18] Dade HA. Economic significance 
of cocoa pod disease and factors 
determining their incidence and control. 
Bulletin. Gold Coast Department of 
Agriculture GoldCst. 1927;6:I-58
[19] Ndubuaku T, Asogwa E. Strategies 
for the control of pests and diseases for 
sustainable cocoa production in Nigeria. 
African Scientist. 2006;7:209-216
[20] Djocgoue P, Boudjeko T, Mbouobda 
H, Nankeu D, El Hadrami I, Omokolo 
N. Heritability of phenols in the 
resistance of Theobroma cacao against 
Phytophthora megakarya, the causal 
agent of black pod disease. Journal of 
Phytopathology. 2007;155:519-525. DOI: 
10.1111/j.1439-0434.2007. 01268.x
[21] Ali SS, Shao J, Lary DJ, Strem MD, 
Meinhardt LW, Bailey BA. Phytophthora 
megakarya and P. palmivora, causal 
agents of Black Pod Rot, induce similar 
plant defense responses late during 
infection of susceptible Cacao Pods. 
Frontiers in Plant Science. 2017;8:169. 
DOI: 10.3389/fpls.2017.00169
[22] Evans HC, Prior C. Cocoa pod 
diseases: Causal agents and control. 
Outlook on Agriculture. 1987;16:35-41
[23] Flood J, Keane P, Sulistyowati E, 
Padi B, Guest D, Holmes K. Cocoa 
under attack. In: Flood J, Murphy R, 
editors. Cocoa Futures. London: CABI 
BioSciences/The Commodities Press; 
2004. p. 164
[24] Benson DM. In: Erwin DC, Ribeiro 
OK, editors. Phytophthora Diseases 
Worldwide. St. Paul, MN, USA: APS 
Press; 1997. p. 592
[25] Judelson HS, Blanco FA. The spores 
of Phytophthora weapons of the plant 
destroyer. Nature Reviews Microbilogy. 
2005;3:47-58
[26] Fry W. Phytophthora infestans: The 
plant (and R gene) destroyer. Molecular 
Plant Patholology. 2008;9:385-402
[27] Latijnhowers M, de Wit PGJM, 
Govers F. Oomycetes and fungi similar 
weaponry to attack plants. Trends in 
Microbiology. 2003;11(10):462-469
[28] Govers F. Misclassification of pest 
as ‘fungus’ puts vital research on wrong 
track. Nature (London). 2001;411:633
[29] Guerriero G, Avino M, Zhou Q , 
Fugelstad J, Clergeot P-H, Bulone V l. 
Chitin synthases from Saprolegnia are 
involved in tip growth and represent 
a potential target for anti-Oomycete 
drugs. 2010. DOI: 10.1371/journal.
at.1001070
[30] Ashby SF. Strains and taxonomy of 
Phytophthora palmivora Butler (P. faberi 
Maubl.). Transactions of the British 
Mycological Society. 1929;14:18-38
[31] Ali SS, Amoako-Attah I, Bailey RA, 
Strem MD, Schmidt M, Akrofi AY, et al. 
PCR-based identification of cacao black 
pod causal agents and identification of 
biological factors possibly contributing 
to Phytophthora megakarya’s field 
dominance in West Africa. Plant 
Pathology. 2016;65:1095-1108. DOI: 
10.1111/ppa.12496
[32] Sansome E, Brasier CM, Griffin MJ.  
Chromosome size differences in 
Phytophthora palmivora, a pathogen of 
cocoa. Nature. 1975;255:704-705
[33] Sansome E, Brasier CM, Sansome 
FW. Further cytological studies on 
the L-type and S-type of Phytophthora 
from cocoa. Transactions of the British 
Mycological Society. 1979;73:293-302
[34] Waterhouse GM. Key to the species 
of Phytophthora de Bary. Mycoclogical 
Papers. 1963;92:1-22
17
Diversity of Cacao Pathogens and Impact on Yield and Global Production
DOI: http://dx.doi.org/10.5772/intechopen.81993
[35] Oudemans P, Coffey MD. Isozyme 
comparison within and among 
worldwide sources of three 
morphologically distinct species of 
Phytophthora. Mycological Research. 
1991;95:19-30
[36] Kroon LPNM, Brouwer H, 
de Cock AWAM, Govers F. The 
genus Phytophthora anno 2012. 
Phytopathology. 2012;102:348-364
[37] Kaosiri T, Zentmeyer GA, Erwin 
DC. Stalk length as a taxonomic 
criterion for Phytophthora palmivora 
isolates from cacao. Canadian Journal of 
Botany. 1979;56:1730-1738
[38] Zentmeyer GA. Taxonomic 
relationships and distribution of 
Phytophthora causing black pod 
of cocoa. In: Proceedings of the 
10th International Cocoa Research 
Conference, 17th–23rd May, Santo 
Domingo, Dominican Republic; 1988. 
pp. 391-395
[39] Ali SS, Shao J, Lary DJ, Kronmiller 
B, Shen D, Strem MD, et al. Phytophthora 
megakarya and P. palmivora, closely 
related causal agents of cacao black pod 
rot, underwent increases in genome 
sizes and gene numbers by different 
mechanisms. Genome, Biology and 
Evolution. 2017;9(3):536-557
[40] Giraldo MC, Valent B. Filamentous 
plant pathogen effectors in action. 
Nature Reviews Microbiology. 
2013;11:800-814
[41] Despre’aux D, Cambony D, 
Cle’ment D, Nyasse´ S, and Partiot M.  
Etude de la pourriture brune des 
cabosses du cacaoyer au Cameroun: 
De’finition de nouvelles me’thodes 
de lutte. In: Cocoa Producers’ 
Alliance, editor. Proceedings of the 
10th International Cocoa Research 
Conference, Cocoa Producers Alliance, 
1987. Santo Domingo, Dominican 
Republic; 1988. pp. 407-412
[42] Campêlo AMFL, Luz EDMN.  
Etiologia de podrido-parda du cacueiro, 
nos Estados da Bahia e Espirito Santo, 
Brasil. Fitopatologia Brasileira. 
1981;6:313-321
[43] Kellam MK, Zentmeyer GA. 
Isolation of Phytophthora citrophthora 
from cocoa in Brazil. Phytopathology. 
1981;71:230
[44] Lozano TZE, Romero CS. Estudio 
taxanomico de aislamientos de 
Phytophthora patogenos de cacao. 
Agrociencia. 1984;56:176-182
[45] Liyanage NIS, Wheeler BEJ. 
Phytophthora katsurae from cocoa. Plant 
Pathology. 1989;38:627-629
[46] N’Guessan KF. Major pests and 
diseases, situations and damage 
assessment, protocols in Côte d’Ivoire. 
In: Presentation at Regional Workshop 
on Integrated Management of Cocoa 
Pests and Pathogens in Africa 15-18 
April 2013, Accra; 2013
[47] Dakwa J. Nationwide Black Pod 
Survey: Joint CRIG/Cocoa Production 
Division Project. Annual Report 
1976/77-1978/79. Ghana: Cocoa 
Research Institute of Ghana; 1984. 
p. 263
[48] Dakwa J. A serious outbreak of 
black pod disease in a marginal area 
of Ghana. In: Proceedings of the 
10th International Cocoa Research 
Conference, 1987, Santo Domingo, 
Dominican Republic. Lagos, Nigeria: 
Cocoa Producers’ Alliance; 1988. 
pp. 447-451
[49] Erwin DC, Bartnicki-Garcia S, Tsao 
PH, editors. Phytophthora: Its Biology, 
Taxonomy, Ecology, and Pathology. St. 
Paul, MN: American Phytopathological 
Society; 1983
[50] Opoku IY, Akrofi AY, Appiah AA.  
The spread of Phytophthora megakarya 
on cocoa in Ghana. In: Proceedings of 
Theobroma cacao - Deploying Science for Sustainability of Global Cocoa Economy
18
the 1st International Cocoa Pests and 
Diseases Seminar, Accra, Ghana, 6-10th 
November, 1995; 1997
[51] Akrofi AY, Appiah AA, Opoku IY.  
Management of Phytophthora pod rot 
disease on cocoa farms in Ghana. Crop 
Protection. 2003;22:469-477
[52] End MJ, Daymond AJ, Hadley P, 
editors. Technical guidelines for the 
safe movement of cacao germplasm 
(Revised from the FAO/IPGRI Technical 
Guidelines No. 20). Global Cacao 
Genetic Resources Network (CacaoNet), 
Biodiversity International, Montpellier, 
France; 2010
[53] Akrofi AY, Opoku IY, Appiah AA.  
On farm farmer-managed trials to 
control black pod disease caused by 
Phytophthora megakarya in Ghana. In: 
Proceedings First International Cocoa 
Pests and Diseases Seminar, Accra, 
Ghana, 6-10 November, 1995; 1997
[54] Maddison AC, Idowu OL. The 
epidemic on sprayed cocoa at Owena. 
In: Gregory PH, Maddison AC, editors. 
Epidemiology of Phytophthora on cocoa 
in Nigeria. Phytopathological Paper 
No. 25. Kew, UK: Commonwealth 
Mycological Institute; 1981. pp. 163-172
[55] Djiekpor EK, Partiot M, Lucas P.  
The cacao black pod disease due to 
Phytophthora sp in Togo -Determination 
of species responsible. Cafe Cacao Thé. 
1982;26(2):97-108
[56] Tondje PR, Berry D, Bakala J, 
Ebandan S. Interêt de diverses pratiques 
culturales dans la lutte contre la 
pourriture brune des cabosses dûe 
à Phytophthora sp au Cameroun. 
11e Conference. Internationalesur la 
recherche cacaoyère. Yamoussoukro-
Côte d’Ivoire, 18-24 Juillet 1993; 1993. 
pp. 175-183
[57] Wood GAR, Lass RA. Cocoa. In: 
Tropical Agricultural Series. 4th ed. UK: 
Longman Group Ltd; 1985. p. 620
[58] Opoku IY, Akrofi AY, Appiah AA. 
Assessment of sanitation and fungicide 
application directed at cocoa tree trunks 
for the control of Phytophthora black 
pod infections in pods growing in the 
canopy. European Journal of Plant 
Pathology. 2007a;117:167-175
[59] Appiah AA. Variability in 
Phytophthora species causing black pod 
diseases of cocoa (Theobroma cacao L.) 
and their implication for assessment of 
host resistance screening [PhD Thesis]. 
UK: University of London; 2001. 200pp
[60] McHau GR, Coffey MD. Isozyme 
diversity in Phytophthora palmivora: 
Evidence for a south East Asian centre 
of origin. Mycological Research. 
1994;98:1035-1043. DOI: 10.1016/
S0953-7562(09)80430-9
[61] Brasier CM, Griffin MJ. Taxonomy 
of Phytophthora palmivora of cocoa. 
Transactions of the British Mycological 
Society. 1979;72:111-143
[62] Brasier CM, Griffin MJ, Ward MR, 
Idowu OL, Taylor B, Adedoyin SF.  
Epidemiology of Phytophthora on 
cocoa in Nigeria Final Report of the 
International Cocoa Black Pod Research 
Project. Phytopathological Papers. Kew, 
Surrey, England: Commonwealth 
Mycological Institute; 1981. 188 pp
[63] Guest D. Black pod: Diverse 
pathogens with a global impact 
on cocoa yield. Phytopathology. 
2007;97:1650-1653
[64] Bloomfield EM, Lass RA. Impact 
of structural adjustment and adoption 
of technology on competitiveness of 
major Cocoa producing countries. 
Working Paper No. 69. OCDE/
GD(92)120; 1992. 23p
[65] Thorold CA. Observations on black-
pod disease (Phytophthora palmivora) 
of cacao in Nigeria. Transactions 
of the British Mycological Society. 
1955;38(4):435-452
19
Diversity of Cacao Pathogens and Impact on Yield and Global Production
DOI: http://dx.doi.org/10.5772/intechopen.81993
[66] Ndoumbe-Nkeng M, Cilas C, 
Nyemb E, Nyasse S, Bieysse D, Flori A,  
et al. Impact of removing diseased 
pods on cocoa black pod caused by 
Phytophthora megakarya and on 
cocoa production in Cameroon. Crop 
Protection. 2004;23:415-424
[67] Opoku IY, Assuah MK, Aneani F.  
Management of black pod disease of 
cocoa with reduced number of fungicide 
application and crop sanitation. African 
Journal of Agricultural Research. 
2007b;2:601-604
[68] Mpika J, Kebe IB, N’Guessan KF.  
Isolation and identification of 
indigenous microorganisms of cocoa 
farms in Côte d’Ivoire and assessment 
of their antagonistic effects vis-à-vis 
Phytophthora palmivora, the causal agent 
of black pod disease. In: Grillo O, editor. 
Biodiversity Loss in a Changing Planet. 
Vol. 2011. Rijeka, Croatia: Intech; 2011. 
pp. 303-319
[69] Evans HC. New developments in 
black pod epidemiology. Cocoa Growers' 
Bulletin. 1973;20:10-16
[70] Gregory PH, Griffin MJ, Madddison 
AC, Ward MR. Cocoa black pod: A 
reinterpretation. Cocoa Growers’ 
Bulletin. 1984;35:5-22
[71] Luterbacher MC. The identification, 
epidemiology and control of 
Phytophthora megakarya on cocoa in 
West Africa [PhD Thesis]. University of 
London; 1994. 369pp
[72] Hidalgo E, Bateman R, Krauss U, 
ten Hoopen M, Martínez A. A field 
investigation into delivery systems for 
agents to control Moniliophthora roreri. 
European Journal of Plant Pathology. 
2003;109:953-961
[73] Bateman R, Hidalgo E, García J, 
Hoopen GT, Krauss U, Adonijah V, 
et al. Rational fungicide use in cocoa: 
Improving agents and application 
techniques. Semana Científica 2004. 
Memoria. 6. Semana Científica. 
Turrialba (Costa Rica). 2004:11-12
[74] Russell PE. A century of fungicide 
evolution. Journal of Agricultural 
Science. 2005;143:11-25
[75] Shripat C. Control of black pod 
disease of cocoa by single application 
of a copper fungicide: A preliminary 
report. Empowering farmers through 
agricultural research, Volumes 3 and 4. 
In: Proceedings of Research Division, 
Ministry of Agriculture, Land and 
Marine Resources Research Seminar 
Series held at Centeno, Trinidad and 
Tobago, October, 1998; 1999
[76] Awuah RT. In vivo use of 
extracts from Ocimum gratissimum 
and Cymbopogon citratus against 
Phytophthora palmivora causing black 
pod disease of cocoa. Annals of Applied 
Biology. 1994;124:173-178
[77] Widmer TL, Laurent N. Plant 
extracts containing caffeic acid and 
rosmarinic acid inhibit zoospore 
germination of Phytophthora s. 
pathogenic to Theobroma cacao. 
European Journal of Plant Pathology. 
2006;115:377-338
[78] de Souza JT, de Boer M, de 
Waard P, vanBeek TA, Raaijmakers 
JM. Biochemical, genetic, and 
zoosporicidal properties of cyclic 
lipopeptide surfactants produced 
by Pseudomonas fluorescens. Applied 
and Environmental Microbiology. 
2003;69:7161-7172
[79] Raaijmakers JM, de Bruijn I, de Kock 
MJD. Cyclic lipopeptide production by 
plant-associated Pseudomonas. Diversity, 
activity, biosynthesis, and regulation. 
Molecular Plant-Microbe Interactions. 
2006;19:699-710
[80] Raaijmakers JM, de Bruijn I, 
Nybroe O, Ongena M. Natural functions 
of lipopeptides from Bacillus and 
Pseudomonas more than surfactants 
Theobroma cacao - Deploying Science for Sustainability of Global Cocoa Economy
20
and antibiotics. FEMS Microbiology 
Reviews. 2010;34(6):1037-1062
[81] Tran HT, Ficke A, Asiimwe T, 
Hofte M, Raaijmakers JM. Role of 
the cyclic lipopeptide massetolide A 
in biological control of Phytophthora 
infestans and in colonization of tomato 
plants by Pseudomonas fluorescens. New 
Phytologist. 2007;175:731-742
[82] de Bruijn I, Kock MJD, Raaijmakers 
JM. Comparative genomics and 
regulation of cyclic lipopeptide 
synthesis in antagonistic Pseudomonas 
fluorescens. Bulletin OILB/SROP. 
2007;30(6):113
[83] van de Mortel JE, Tran H, Govers F,  
Raaijmakers JM. Cellular responses of 
the late blight pathogen Phytophthora 
infestans to cyclic lipopeptide 
surfactants and their dependence on G 
proteins. Applied and Environmental 
Microbiology. 2000;75:4950-4957
[84] Tran HT, Raaijmakers JM.  
Frequency, diversity and biocontrol 
activity of surfactant-producing 
Pseudomonas species in Vietnam. 
Bulletin OILB/SROP. 2007;30(6):369
